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Introduction
So far, only a few guidance molecules and receptors have been examined and shown to associate with lipid During development, axonal growth is regulated and rafts, and there is no direct evidence indicating a major guided by extracellular cues that elicit permissive/ role for lipid rafts in axon guidance (Tsui-Pierchala et attractive and inhibitory/repulsive effects on the direcal., 2002). In this study, we examined the role of lipid tional motility of axonal growth cones (Tessier-Lavigne rafts in chemotropic guidance of nerve growth cones by and Goodman, 1996). In adult nervous systems, inhibidiffusible gradients of brain-derived neurotrophic factor tory/repulsive molecules present a major obstacle for (BDNF), netrin-1, Semaphorin 3A (Sema3A), and glutanerve regeneration after injury and diseases (McKermate. Using an in vitro functional assay for guidance racher and Winton, 2002). Thus, understanding signal responses combined with complementary approaches transduction mechanisms underlying specific actions of of raft manipulation, we show that distinct guidance these extracellular cues on nerve growth and guidance responses of nerve growth cones to BDNF, netrin-1, and Sema3A, but not glutamate, depend on the integrity of lipid rafts. We further provide data that local signaling *Correspondence: james.zheng@umdnj.edu (Figure 1D ), cumulative distributions ( Figure 1E ), and average turning angles ( Figure 1F ). Both groups exposed to glutamate gradients (ϪMCD and ϩMCD) exhibited similar average turning angles (15.0Њ Ϯ 4.4Њ and 13.5Њ Ϯ 4.9Њ, respectively; p Ͼ 0.5, Mann-Whitney test), which are significantly different from that of the control (p Ͻ 0.01). These results provide direct evidence that lipid raft disruption by cholesterol manipulation did not impair the growth cone's ability to advance, sense, and respond to guidance gradients per se, but selectively blocked BDNF-induced attraction. Taken together, and Hoessli, 1998), which could contribute to the blockade of BDNF and netrin-1 guidance reported above. to the control group). We also found that bath application of 0.1 g/ml filipin blocked the growth cone repulAlthough our immunostaining found no detectable change in the level of either TrkB or DCC receptors at sion induced by netrin-1 gradients ( Figures 2C and 2D) . The net neurite extension was not significantly affected the growth cone after MCD cholesterol extraction (data not shown), we performed additional experiments to by either MCD or filipin treatment (p Ͼ 0.5). Based on these findings, we conclude that the integrity of lipid address this issue. We first performed a "rescue" experiment in which Xenopus neurons were depleted of chorafts is also crucial for netrin-1 signaling in growth cones. Together with the inhibition of BDNF-induced attraction lesterol by a 30 min MCD treatment followed by readdition of a low concentration of cholesterol (cholesterol/ by lipid raft disruption, our data indicate that cholesterol-enriched membrane domains, i.e., lipid rafts, play MCD complex) and then turning assays. We found that readdition of 20 M cholesterol (balanced by 160 M an important role in both attractive and repulsive guid-mainly affecting the integrity of lipid microenvironments, rather than by stripping away guidance receptors and other protein components from the plasma membrane.
While the above results clearly indicate the involvement of membrane cholesterol in growth cone guidance, the importance of lipid raft integrity is further addressed through a second set of complementary experiments by targeting a different lipid constituent of rafts, the gangliosides. It was previously shown that application of exogenous ganglioside G M1 affects the integrity and stability of lipid rafts such that raft-associated proteins are excluded from raft microdomains (Simons et al., 1999 ). When we added 20 M G M1 to the bath medium prior to the turning assays, BDNF-induced attraction and netrin-1-induced repulsion were all abolished (Figure 3 
Lipid Rafts also Mediate Semaphorin 3A Effects on Growth Cones
We also examined turning responses of Xenopus neurons to another well-known guidance cue: Semaphorin effectively blocked Sema3A-induced repulsion ( Figure  5A ), resulting in an average turning angle of 6.0Њ Ϯ 3.9Њ n ϭ 15, respectively). Statistical analysis using the Stu-( Figure 5B ; p Ͼ 0.1 when compared to the control vehident's t test confirms that BDNF significantly increases cle, Mann-Whitney test). Since only growth cones that the extension of Xenopus growth cones regardless of extended during the 30 min assay were scored, the MCD treatment (p Ͻ 0.05). However, such enhancement neurite extension from our turning assays ( Figure 5C ) of extension was eliminated by exogenous G M1 addition did not reflect Sema3A inhibition on growth cone motil-(p Ͼ 0.5 comparing to the control groups). These results ity. We therefore performed the growth assay described thus suggest that different aspects of lipid rafts (cholesabove to evaluate the role of lipid rafts in growth inhibiterol-sensitive and G M1 -sensitive) may mediate these tion by Sema3A. We found that bath application of distinct effects of BDNF on the growth cone. not exhibit drastic growth cone collapse in response to which may depend on membrane rafts. We thus reaSema3A, we used growth cones from basilar pontine soned that uniform application of these guidance cues explants in culture (Rabacchi et al., 1999) for collapse in the bath followed by local disruption of lipid rafts assays. Consistently, bath application of Sema3A reon one side of the growth cone would also create an sulted in marked collapse of pontine growth cones as asymmetry in surface receptor activation and downevidenced by the loss of actin-rich lamellipodia and filostream signaling across the growth cone. Importantly, podia ( Figure 5E ). About 80% of the growth cones exhibhowever, such asymmetry would be opposite to that ited collapsed morphology after Sema3A exposure, induced by the gradient of the same guidance molecule, compared to about 20% in the group exposed to the thus leading to an opposite turning response. We tested vehicle (p Ͻ 0.01, Mann-Whitney test). Disruption of lipid this hypothesis by using a focal application method rafts by 1 g/ml filipin (added 25 min prior to the Sema3A (Buck and Zheng, 2002) to largely restrict MCD to one exposure), however, diminished growth cone collapse side of the growth cone. Focal MCD application induced by Sema3A, resulting in a similar collapse per-(400 mM in pipette, ‫1ف‬ mM reaching the growth cone) centage to that of the control ( Figure 5E ; p Ͼ 0.1, Mannin the absence of any guidance molecules in the bath Whitney test). We could not use MCD for raft disruption did not affect the direction or the extension rate ( Figure  4) . However, when 50 ng/ml BDNF was present in the on pontine growth cones, as they were susceptible to duced a large increase in p42/p44 phosphorylation, whereas no change in the total p42/p44 level was observed using a different antibody that recognizes total p42/p44 ( Figures 6A and 6B) . Treatment of Xenopus neurons with 5 mM MCD or 20 M G M1 largely diminished the guidance cue-induced increase in p42/p44 phosphorylation without affecting the total p42/p44 level at the growth cone ( Figures 6A and 6B) . We also observed an asymmetric increase of p42/p44 phosphorylation across the growth cone subjected to the BDNF gradient, suggesting its role in growth cone turning ( Figure 6C) . We thus used a specific inhibitor PD98059 to block p42/ p44 activation and examined the requirement of p42/ p44 activation in the turning response. Consistent with previous findings ( 
Association of Guidance Receptors with Lipid Rafts
The above findings make a strong case that lipid rafts are functionally involved in growth cone guidance and suggest that receptors for BDNF, netrin-1, and Sema3A, but not glutamate, are associated with lipid rafts and dependent on them for functioning. To test this possibility, we examined whether the BDNF receptor TrkB and 
the physical attraction among raft components whereby
One immediate implication of the ligand-induced receptor-raft association is the generation of localized membrane proteins associated with lipid rafts can be crosslinked by antibodies to form patches that colocalsignaling that underlies directional responses of nerve growth cones in guidance gradients. A guidance gradiize with raft patches formed by crosslinking G M1 gangliosides using cholera toxin B subunit (CTxB) (Harder et ent likely elicits more receptor-raft association on the near side of the growth cone where it is exposed to a al., 1998). The raft association of a particular receptor can then be quantified by the percentage of receptor higher concentration of the cue, thus creating an asymmetry for downstream signaling. To test this possibility, patches colocalizing with CTxB patches. We examined four receptors using this copatching method: NMDA we used an in situ cold detergent extraction method to isolate membrane rafts and associated receptors on the receptor subunit 2B (NR2B), TrkB, DCC, and neuropilin-1 (NPN-1). We found that most patches of NR2B receptors growth cone. By double labeling raft marker G M1 and the specific receptor, we examined the spatial distribution did not colocalize with CTxB patches (Figures 7B and  7C Figure 8D ). These Fourth, the abolishment of guidance responses by exogobservations provide evidence that asymmetric recepenous G M1 implicates the lipid microenvironment, not tor-raft association is induced by the guidance gradient cholesterol itself, in mediating guidance responses. Fiand suggests a role for receptor-raft association in localnally, the fact that Xenopus growth cones subjected to ized signaling in the growth cone during guidance relipid raft disruption still responded attractively to glutasponses.
mate gradients provides, arguably, the best evidence that lipid rafts selectively mediate guidance actions of Discussion BDNF, netrin-1, and Sema3A. Our examination of p42/p44 MAPK activation by Increasing evidence suggests that cells utilize dynamic BDNF, netrin-1, and Sema3A supports the notion that membrane microdomains (lipid rafts) to provide an orlipid rafts are involved in signal transduction. We found dered lipid microenvironment for specific molecular inthat either MCD or G M1 attenuated p42/p44 phosphorylateractions between membrane receptors and distinct tion induced by these molecules. In particular, the inintracellular signaling components ( 
